Background: Insulin resistance (IR) is implicated in the pathogenesis of atherosclerosis. One mechanism is thought to be the impaired vasodilation, which can lead to a reduction in peripheral blood flow. Hypertensive patients with IR have greater intima-media thickness (IMT) in the common carotid artery (CCA) than those without IR. However, the relationship between IR and hemodynamic alterations of the CCA has not been clarified. Methods: Seventy patients with essential hypertension (EHT) and 11 normotensive controls (NT) participated in this study. The IMT, number of plaques, and internal dimensions of the CCA were evaluated by ultrasound imaging. Mean diastolic (Vd) and systolic (Vs) velocity were determined by the Doppler flow method, and other parameters such as Vd/Vs and the cross-sectional distensibility coefficient (CSDC) were further calculated. When the homeostasis model assessment (HOMA) index exceeded 2.0, the subject was considered to have IR.
B
ecause hyperinsulinemia leads to a decrease in sodium excretion, 1 sympathetic nervous overactivity, 2 and a decrease in skeletal muscle blood flow, 3 the resultant insulin resistance (IR) caused by hyperinsulinemia is implicated in the pathogenesis of hypertension. Inversely, hypertension and sympathetic nervous system overactivity also lead to IR through reduction of peripheral blood flow. 3 Insulin itself acts as a vascular dilator; however, in the presence of IR, this action is disturbed and further decreases peripheral blood flow.
B-mode ultrasound imaging of the common carotid artery (CCA) has been developed and standardized for in vivo evaluation of early atherosclerotic lesions. 4 Generally, hypertensive patients have a greater intima-media thickness (IMT) and a higher prevalence of plaques in the CCA than normotensive individuals. [5] [6] [7] [8] [9] These structural alterations of the CCA are related to cardiovascular complications 10, 11 and ensuing cerebrovascular events, 12 strongly suggesting that early detection of these alterations is clinically important for the management of hypertensive patients. Recently, Doppler ultrasound has been used as a method to evaluate not only significant stenosis or plaque formation but also hemodynamic alterations in the CCA. 5, 13 We have previously evaluated hemodynamic changes in the CCA using Doppler ultrasound, and have obtained the result that the diastolic perfusion rate of the CCA in hypertensive patients with left ventricular hypertrophy (LVH) is significantly lower than that of both normotensive subjects and hypertensive patients without LVH. 6, 7 Therefore, in the present study, we evaluated both structural and functional alterations of the CCA using a combination of B-mode ultrasound and pulsed-Doppler imaging in hypertensive patients. We found evidence for a significant relationship between IR and hemodynamic alterations of the CCA.
Methods

Study Population
Seventy patients with essential hypertension (EHT) and age-matched 11 normotensive control subjects (NT) participated in this study. All subjects were consecutive cases admitted to Ehime University Hospital from May 1996 to March 2001, and were recruited for the study in the order in which they were admitted. Hypertension was defined as systolic blood pressure (SBP) Ն140 mm Hg or diastolic blood pressure (DBP) Ն90 mm Hg averaged by a threefold determination measured with a brachial sphygmomanometer while the patient was sitting. Patients with overt diabetes mellitus were diagnosed as having a fasting plasma glucose (FPG) level of Ն7.8 mmol/L and were excluded from the study, as were those taking antidiabetic medications. All subjects received a diet containing 7 g of NaCl per day, and all medications were discontinued on admission. After at least a 1-week stabilization period, blood sampling and ultrasound evaluation of the CCA were performed. Informed consent to all procedures was obtained from each subject.
Blood Chemistry
The FPG and fasting immunoreactive insulin (IRI) were determined by the glucose oxidase method (Glucose AUTO & STAT GA-1160, ARKRAY Co., Kyoto, Japan) and by an immunoradiometric assay (INSULIN RIA-BEAD II, Dainabot Co., Tokyo, Japan), respectively. Measurement of total cholesterol, HDL-cholesterol, and triglyceride were performed with an automatic analyzer (model TBA-60A; Toshiba Inc., Tokyo, Japan). For the simple assessment of IR, the homeostasis model assessment (HOMA) index is known to be calculated by the following formula 14 :
When the HOMA index exceeded 2.0, the subject was considered to have IR.
Ultrasound Evaluation
Ultrasound evaluation of the CCA was performed with an SSD-2000 (Aloka Co., Tokyo, Japan) using a 7.5-MHz probe equipped with a Doppler system, as described previously. 6, 8, 14 After the subjects had rested supine for at least 10 min with his or her neck in a slight hyperextensive position, we examined an optimal visualization of the CCA, carotid bulb, and extracranial internal or external carotid artery bilaterally. From multiple visualizations, plaque formation was identified as the presence of a wall thickening that was at least 50% greater than the thickness of the surrounding wall. 6, 8 The IMT of the far wall was measured in the CCA at both 1 and 2 cm proximal to the bulb from the anterior, lateral, and posterior approaches, and then was averaged to obtain the mean IMT values. 6, 8, 10 Measurement was never taken of the level of discrete plaque.
Two-dimensional guided M-mode tracing of the right CCA at 2 cm proximal to the bulb was recorded with simultaneous electrocardiogram and phonocardiogram. Mmode images were obtained in real time using a frame grabber. The axial resolution of the M-mode system was 0.1 mm. Internal diameters of the CCA at end-diastole (Dd) and peak-systole (Ds) were determined by continuous tracing of the intimal-luminal interface of the near and far walls of the CCA in three cycles and the results were averaged. 6 The cross-sectional distensibility coefficient (CSDC) and carotid arterial stiffness index (␤) were calculated by the following formulae 6, 15 :
Doppler evaluation was performed by scanning of the right CCA in the anterior projection. Under guidance using color flow mapping, the sample volume was located at the center of the vessel. Flow velocity-time integrals of systolic and diastolic phases were computed automatically by electronic integration of the instantaneous flow velocity curves, and further systolic (Vs) or diastolic (Vd) mean velocity, and relative diastolic flow velocity (Vd/Vs) were calculated to assess hemodynamics in the CCA. 
Statistical Analysis
All values are expressed as the means Ϯ SD. Differences between mean values of the two groups were assessed by ANOVA. Pearson's correlation coefficient was used to test the association between two kinds of parameters. A stepwise regression analysis was applied to evaluate the independently determinant factor for IMT. A probability of Ͻ.05 was considered as significant.
Results
Characteristics of the Study Participants
Clinical characteristics of the subjects in this study are shown in Table 1 . In the present study, when the HOMA index exceeded 2.0, the subjects were considered to have IR. 16, 17 The EHT patients with IR (IR(ϩ)) had a higher body mass index and triglyceride level than both NT and EHT patients without IR (IR(Ϫ)). IR (ϩ) patients revealed a significantly lower level of HDL-cholesterol than did IR(Ϫ) patients with EHT, but not NT.
Morphologic and Functional Evaluation of the CCA
Morphologic and functional characteristics of the CCA were summarized in Table 2 . The IMT in the IR(ϩ) group was significantly greater than that in the NT and IR(Ϫ) groups. The internal dimensions, Ds and Dd, in IR(ϩ) and IR(Ϫ) groups were significantly greater than those in the NT group. In the IR(ϩ) group, arterial strain was significantly decreased and ␤ was significantly increased compared with those values in both the NT and IR(Ϫ) groups A positive correlation was observed between the HOMA index and IMT (r ϭ 0.421, P Ͻ .0001) (Fig. 1) , whereas a negative correlation was observed between the HOMA index and the CSDC (r ϭ Ϫ0.314, P ϭ .0042) (Fig. 2) .
Hemodynamic Evaluation of the CCA
The hemodynamic parameters are shown in Table 2 . As a parameter of cervical blood flow, we used Vd/Vs, relative diastolic flow velocity, which reflects a diastolic carotid circulation. Vd/Vs in the IR(ϩ) group is significant decreased than in both the NT and IR (Ϫ) groups. Furthermore, a negative correlation was observed between the HOMA index and Vd/Vs (r ϭ Ϫ0.361, P ϭ .0009) (Fig.  3) .
Determinant Factors for IMT, CSDC, and Vd/Vs
In Table 3 , determinant factors for IMT, CSDC, and Vd/Vs were analyzed by a stepwise regression analysis with age, mean blood pressure (MBP), body mass index, total cholesterol, triglyceride, HDL-cholesterol, and the HOMA index as independent variables in all subjects. Age, HDL-cholesterol, and the HOMA index were independently associated with IMT. Age, the HOMA index, and MBP were independently associated with CSDC, and the first two factors were independently associated with Vd/Vs.
Discussion
The IR is associated not only with diabetes mellitus and impaired glucose tolerance but also with many common 
NT ϭ normotensive subjects; EHT ϭ essential hypertensive patients; IR(Ϫ) ϭ without insulin resistance; IR(ϩ) ϭ with insulin resistance; BMI ϭ body mass index; SBP ϭ systolic blood pressure; DBP ϭ diastolic blood pressure; HR ϭ heart rate; TC ϭ total cholesterol; TG ϭ triglyceride; HDL-C ϭ HDL-cholesterol; FPG ϭ fasting plasma glucose; IRI ϭ immunoreactive insulin; HOMA ϭ homeostasis model assessment. IMT ϭ intima-media thickness; Ds ϭ end-systolic diameter; Dd ϭ end-diastolic diameter; CSDC ϭ cross-sectional distensibility coefficient; ␤ ϭ carotid arterial stiffness index; Vs ϭ systolic mean velocity; Vd ϭ diastolic mean velocity; Vd/Vs ϭ relative diastolic flow velocity; other abbreviations as in Table 1 .
diseases such as simple obesity, hyperlipidemia, and hypertension. 18, 19 Inversely, a higher prevalence of IR has been observed in hypertensive patients than in normotensive subjects. 20 The HOMA index, which was used to identify patients with IR in the present study, is known to be well correlated with the glucose clamp technique 16, 17 and is a very simple and convenient marker for the clinical diagnosis of IR. Actually, among the subjects of the present study, the prevalence of IR among patients with EHT (27.1%; 19 of 70) was significantly higher than that in NT. According to the report by Lind et al, 20 the prevalence of IR among patients with EHT was 27%, even when IR was diagnosed by the glucose clamp technique.
We have demonstrated that hypertensive patients with IR, but not diabetes mellitus, have a large IMT, a high prevalence of plaques, and an increased arterial stiffness of the CCA when compared with hypertensive subjects without IR. Furthermore, we also have demonstrated that the HOMA index is either positively or negatively correlated with IMT or CSDC, respectively. This result strongly suggests the possibility that IR is directly associated with the pathogenesis and the progression of atherosclerosis in the CCA. Fujii et al 21 have previously reported that IR, together with compensatory hyperinsulinemia, is significantly associated with carotid atherosclerosis evaluated by IMT of the CCA in normotensive men. This finding is similar to those that refer to associations with age and total   FIG. 1 . Correlation between intima-media thickness and the homeostasis model assessment (HOMA) index in all subjects. Open circles and closed circles indicate normotensive and hypertensive subjects, respectively. IMT ϭ intima-media thickness (mm); NT ϭ normotensive subjects; EHT ϭ essential hypertensive patients.
FIG. 2.
Correlation between the cross-sectional distensibility coefficient and the HOMA index in all subjects. Open circles and closed circles indicate normotensive and hypertensive subjects, respectively. CSDC ϭ cross-sectional distensibility coefficient (x 10 Ϫ3 /mm Hg); other abbreviations as in Fig. 1.   FIG. 3 . Correlation between relative diastolic flow velocity and the HOMA index in all subjects. Open circles and closed circles indicate normotensive and hypertensive subjects, respectively. Vd/Vs ϭ relative diastolic flow velocity; other abbreviations as in Figs. 1 and 2. BP ϭ blood pressure; other abbreviations as in Tables 1 and 2 .
Stepwise regression analysis for intima-media thickness was performed with the following parameters: age, mean blood pressure, body mass index, total cholesterol, triglyceride, HDL-cholesterol and HOMA index.
cholesterol. In the present study, we demonstrated that there are significant differences between the IR(ϩ) and IR(Ϫ) groups with regard to triglyceride and HDL-cholesterol, but not with regard to age and total cholesterol. The IR, which acts by hyperinsulinemia, enhances hepatic very LDL synthesis and contributes to elevated triglyceride and reduced HDL-cholesterol levels in plasma, and can finally lead to the atherogenic effects described here and elsewhere. 19, 20 Olsen et al 22 reported that high blood pressure (BP) is a far more important determinant for structural vascular changes than IR in mild hypertensive patients. They also reported that hyperinsulinemia and IR were associated with low distensibility of the CCA in never-treated hypertensive patients. 22 In the present study, we examined CSDC as functional properties of the CCA. The CSDC in HT IR (Ϫ) is lower than that in NT, and that in HT IR (ϩ) is lower than that in HT IR (Ϫ). Furthermore, CSDC was negatively correlated with HOMA index. These results indicate that IR, as well as high BP, impair wall function of the CCA.
As shown in a stepwise regression analysis, the HOMA index in EHT patients was independently associated with Vd/Vs; this result is similar to those involving IMT and CSDC. The IMT and CSDC are markers of morphologic and functional properties in the vessel wall, 5, 6, 8, 9 and they are both generally thought to be cardiovascular risk factors and are recognized as prevalent in patients with cardiovascular disease. 11, 12 On the other hand, relative diastolic flow velocity, Vd/Vs, in the CCA is a hemodynamic parameter in the vessel; the relationship between Vd/Vs and IR remains to be clarified. In this study, we have demonstrated that Vd/Vs in the CCA is significantly decreased in patients with IR(ϩ) compared with both those in the NT and IR(Ϫ) groups. Moreover, Vd/Vs in the CCA is negatively correlated with the HOMA index. Vd/Vs reflects a diastolic carotid circulation, and the diastolic blood flow depends on the peripheral vascular resistance. 13, 23 In the CCA, diastolic blood flow depends on vascular resistances of both external and internal carotid arteries. 13, 23 Therefore, our present data indicate that IR attenuates diastolic cerebral circulation. The IR becomes an independent risk factor for stroke. 24 In cerebral circulation, the diastolic blood flow of the CCA depends on the levels of peripheral arterial resistance in the internal and external carotid arteries. Therefore, diastolic cerebral blood flow may be attenuated in hypertensive patients, especially in those with IR. 14, [23] [24] [25] [26] [27] These hemodynamic alterations of the CCA can explain the significant association between IR and the future incidence of stroke. Several explanations for the increase in peripheral vascular resistance by IR have been made. Compensatory hyperinsulinemia stimulates the proliferation of vascular smooth muscle cells through insulin and insulin-like growth factor receptors, and the ensuing vascular hypertrophy. 18 Insulin itself acts as a vasodilator; however, in the presence of IR, this vasodilating activity is disturbed and peripheral blood flow is decreased. The IR is also implicated in the type of endothelial dysfunction that leads to a disturbance in endothelial-dependent vasodilation. 28 -30 In this study, CSDC and Vd/Vs in the IR(Ϫ) group were significantly lower than those in NT group. Because NT group subjects did not have IR, the difference between NT and IR(Ϫ) was caused by BP level. Previously, we have reported that hypertensive patients have lower CSDC and relative diastolic flow velocity, Vd/Vs, than NT subjects. 6 These results indicate that high BP is another important determinant factor of functional and hemodynamic alterations in the CCA.
In conclusion, IR was shown to be an independent risk factor for carotid arterial atherosclerosis in patients with essential hypertension. There were significant differences not only in morphologic and functional changes but also in hemodynamic alterations of the CCA between the IR(ϩ) and IR(Ϫ) groups. Blood flow velocity, as well as relative diastolic blood flow of the CCA, was significantly decreased in the IR(ϩ) group compared with both the NT and IR(Ϫ) groups. Low diastolic perfusion of the CCA becomes a possible mechanism of the carotid atherosclerosis accelerated by IR. These results suggest that the management of IR is important for the prevention or regression of atherosclerosis in hypertensive patients. In addition, the HOMA index and ultrasound evaluation of the CCA may prove to be very useful and convenient in future treatments for essential hypertension.
